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Introduction 

I n  conventional saturable  r eac to r s  t he  f l u x  i n  
t h e  magnetic c i r c u i t  due t o  t he  exc i t i ng  cu r ren t  and that 
due t o  t h e  modulating c u r r e n t  a r e  i n  p a r a l l e l .  In  order  
t o  use conventional reactors  i n  magnetic a m p l i f i e r s  o r  
modulators i t  i s  necessary t o  arrange them i n  matched 
pa i r s  . 

The cross f i e l d  r eac to r  places the  e x c i t i n g  f i e l d  
perpendicular , to  t h e  modulating o r  s i g n a l  f i e l d .  The 
corresponding c i r c u i t s  a r e  uncoupled and t h e  need f o r  
balancing with matched pairs  i s  eliminated. Mater ia l  
u t i l i z a t i o n  i s  doubled and cos t s  of s e l e c t i o n  a r e  e l i m i -  
nated. 

The cross  f i e l d  concept i s  old.  Burgess and Franken- 
f i e l d  described the  decoupling of a d-c c o n t r o l  c i r c u i t  
from an e x c i t a t i o n  winding by perpendicular f luxes  i n  
a U.S. Patent (720,884) f i e l d  i n  1901. All of the  re levant  
l i t e r a t u r e  on cross  f i e l d  devices known t o  us appears 
i n  the  b r i e f  l i s t  i n  Appendix A. The lack of i n t e r e s t  
has  been due t o  d i f f i c u l t y  i n  handling orthogonal f luxes 
i n  laminated core materials. 

The development of r e a l l y  good f e r r i t e s  which 
have low loss without lamination permit  e f f i c i e n t  c ross  
f i e l d  devices by v i r tue  of core isotropy. I t  was t h i s  new 
opportunity which prompted the measurements reported 
herein.  

The p r inc ipa l  i nves t iga to r  was Winthrop Gross. 
Sronis  law Szpakowski consulted on certain aspects of the  
measurement and appl icat ions study. The c ross  f i e l d  r e a c t o r  
configurat ion was conceived by T. A. 0. Gross p r i o r  t o  
t h e  present program. 

Device Description 

The device subjected t o  the  Y parameter measure- 
ments reported here in  i s  s imi la r  t o  those i l l u s t r a t e d  i n  
F i g  . 1. The core i s  an Allen-Bradly C2400D207A modified 
by enlargement of the  center  ho le  t o  5/16'' I D .  This modi- 
f i c a t i o n  i s  necessary t o  accomodate the  t o r o i d a l  windings. 

The bobbin c o i l  i s  244 tu rns  of G a .  19; t he  two 
p a r a l l e l  t o r o i d a l  windings a r e  26 turns  each of Ga. 21. 



Fig, 1 

Cross field reactors. 
Unit on r i g h t  i s  s i m i -  
lar to  device tested 
for Y parameters . 

Bridge measurements on t h i s  device are: 
Bobbin Yinding (Leads B&B) 

95 millihenries, Q=34 @ 1 kHz 
0.6 OMS d-c 11 t I  I t  

2-215 ohms, 87.5 degrees $ 400Hz Acton 310 

GR Model 650-A 

2 Angle Meter 
Toroidal Winding (Leads TI to T1 and 

T2 to  T2 taken Separately) 

25 KIIPlfheXIries, Q 2.4 @ 1 M z , G R  650-A 
0.31  0-s d-C It 81 

2=27.3 ohms, 85.9 degrees @ 400 Hz Acton 310A 

The above readings are not affected by the short circuit- 
i ng  of the i d l e  windings wich the obvious exception of rhe 
bifilar t o ro ida l  windings. This a t t e s t s  to the excel lent  iso- 
l a t i o n  afforded by the perpendicular fields. 

Appendix I3 contains copfes  of graphs of devlce character- 
istics which were f irst  shown in our July 1967 proposal, They 
are included here far convenience, Appendix C contains Allen- 
Sradley technical data on the %=84 ferrite material. 

The mametic path length @o flux produced by the bobbin 
c o i l  ampere-turns is 20.3 cm. Thus the magnerizfng force due 
to b o b b b  current = ( 2 4 4 / 2 0 . 3 )  X =12 I. The magnetizing force 
produced by the toroidal windings varies inversely with the 
rad ia l  distance. The magnetic path for the inside of the 
center hole i s  2 em; for the center post OD i t . i s  4.6  cm. The 
magnetic path length f o r  outermost diameter is 15.5 cm. , 



I n t e r p r e t a t i o n  of t h e  measurement results is aided 
by bearing i n  mind t h a t  the c e n t e r  post  begins t o  be sat-  
ura ted  (10 amp-turn/cm) with It= 10 x 2cm/26 Turns o r  
a t  approximately 800 milliamperes. The e n t i r e  core  i s  
s u b s t a n t i a l l y  sa tu ra t ed  with about 6 amperes i n  one of the  
26 t u r n  t o r o i d a l  windings. 
core  geometry upon MMF the  symbol Ht has been used on 
t h e  graphs loosely. Ht must be ca lcu la ted  by the  proceedure 
given above when contemplating MMF caused by t h e  t o r o i d a l  
winding i n  a p a r t i c u l a r  region of the  core. 

Owing t o  t h e  dependence of 

Y Parameters 

The determination of the  Y parameters of a l i n e a r  
device i s  required t o  specify completely i t s  c i r c u i t  char- 
acteristics. The def in ing  equations and c i rcu i t  model f o r  
a two port  l i n e a r  device characterized by Y-parameters are  
shown i n  Figure 2. The Y 
parameters of a pot core  
geometry, cross  f i e l d  re- 
a c t o r  w e r e  measured i n  
orcler t o  f i t  it i n t o  the  
standard model f o r  t h e  
l i n e a r  two-port . A s i d e  
f r o m  t he  formulation of a - 
l i n e a r  model f o r  t h e  de- 
v ice ,  t he  Y-parameters - 
provide a s t ra ightforward T, = V,, E, * t 
ind ica t ion  of whether t he  
device i s  inherent ly  ac- 
t i v e  o r  passive. The Y- 
parameters w e r e  measured 
us ing  the  s i m p l e s t  methods 
ava i l ab le  i n  order  t o  re- 
duce the  p o s s i b i l i t y  of making a large e r r o r  while seeking 
unneeded precis ion.  The four parameters are  designated Y11 

y2* winding and 
Each Y-Parame@r w i l l  be discussed ind iv idua l ly  as t o  m e -  
thods used and r e s u l t s  obtained. 

T-  
*- J’, -> 

v,, Y,E, YaEt y,z 

q= Y 2 , q  -c Y& 

t w o y - 4  w o J c \  

Eg..= d - Y - paraw.+ c 

with Y11 being t h e  admittance of t h e  t o r o i d a l  
being the  admittance of t h e  bobbin winding. y 2 2 ,  y12, 

YI1, (Shor t -c i rcu i t  input impedance) 

In  accordance w i t h  t he  convention es tab l i shed  above, 
t h e  to ro ida l  winding i s  designated the  input of t he  device. 
The measurement scheme i s  shown i n  u i g .  3. An impedance 
br idge with i t s  i n t e r n a l  generator set  a t  1 lcHz w a s  connected 
one of t h e  t o r o i d a l  windings. The o ther  t o r o i d a l  winding was 
connected t o  a cur ren t  source. The bobbin c o i l  was connected 
t o  a low impedance power supply .  The inductance and of the  



. input were measured at various bias currents, and then 
converted into the conductance and susceptance of Y11. 
Y11 is plotted in Figure 4 for Ib=o and 1 ampere; values 
of Ylhfor 0 < Ib < 1 ampere lie between the curves shown. 
The a ittance increases with toroidal magnitization as 
would be expected with decreasing permeability of the 
core. 
graph. This ratio = Q which initially increases, peaks 
and finally falls off for magnetizations > 15 ampere-turns. 

The ratio -1m Y11 to Re Yl1 is plotted on the same 

L@E& 
X 

An interesting region 
of graph in "ig. 4 is 
that for magnetizations 
between 10 and 20 ampere- 
turns. Note that the 
curves for Ib'o and Ib' 
1 ampere crossover at 12 
ampere-turns for both 
real and imaginary parts 
of the admittance. This 
crossover occurs at zbout 
the same mao,netization 
as that for maximum Q. 
This is possibly a region 
which should be more 

fully investigated to determine if there is a correlation. 

Y12 (Reverse, short circuit, transadmittance)- 

GJdf?L 3- FI\MsvcawvIc*+ 5ChcML) 

y,[ show'vlr cahwAia.r OF 3 b;&s ~ u p p ( c s  

Measurement ccheme 

The method used is diagramed in Figure 5. The bobbin 
winding was driven with a 25 watt amplifier through an iso- 
lating resistive pad and a large d-c blocking capacitor. 
The d-c bias was 
delivered by a 
current source. 
The current in the 
toroidn 1 windlnfi 
w n s  monsurcd with 
a high-frequency 
current transformer 
with a primary ad- 
mittance of about 
20 mhos, thus assur- .tm&r\%tw 
i n g  an effective 
short circuit. The 
second toroida 1 wind- 
was connected as in 
the measurements of 
Y11. The a-c toroidal 

at several a-c bobbin 
voltages and a limit to the infinitesimal input taken. 

AC v w q  

v current was determined FifiuCL J 5- & . 0 5 W ~ ~ e p ~  ~ ~ - ! ' r i , v C  1 ' \ Z  
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These measurements give only the magnitude of the 
transadmittance; the phase angle was determined with 
oscilloscope lissajous patterns. 

Y21 (Reverse, short circuit, transadmittance). 
Nea surement scheme 

The measurement scheme for Y21 is similar to that 
devised for Y12; it is diagrammed in Fig 6 .  

In this case the toroidal winding is driven and the 
current transformer is connected across the bobbin. 

Y12 and Y21 Results 

The magnitude of the transadmittance parameters 
are displayed in aigures 7 & 8 .  The phase angles are plotted 
in Figure 9. The first and most important feature to be 
noted in these curves is that the magnitudes are sub- 
stantially identical (within experimental accuracy). Therefore 
the cross field reactor can be characterized as a reciprocal 
and as an inherently Dassive device- at least over the 
range of bias currents measured. This does not, of course, 
rule out the possibility of amplification in the standard 
magnetic amplifier configuration. The behaviour of the 
transadmittances for very small magnetizations are graphed 
in Figures 10 & 11 because there were early indications 
that the transadmittances were not equal in these regions. 
These indications turned out to be unfounded a s  shown by the 
graphs. The most striking feature of these curves is t;le 
wide excusion of transadmittance with magnetization, both 
toroidal and bobbin. 

Phase measurements of Y 2 and Y21 show considerable 

ment due to distortion. Larrge input signals were required 
to produce readable patterns and distortion was observable 
at these input levels. 

discrepancy. This is believed 4 o be due to error in measure- 
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T h e  phase s h i f t  i s  seen t o  be i n  the neiqhborhood of 
90 degrees  which i s  fu r the r  evidence t h a t  the t r ans -  
admittance i s  a t t r i b u t a b l e  t o  modulat&on of t he  core 
permeabili ty r a t h e r  than t o  induct ive coupling. 

Y22 (Output, sho r t - c i r cu i t ,  admittance) 

The measurement setup i s  shown i n  "igure 12. The 
impedance bridge i s  connected across  the  bobbin winding 
whose d-c b i a s  i s  supplied from a high-impedance source. 
T h e  t o ro ida l  winding i s  shorted.  The r e s u l t s  a r e  p lo t t ed  
i n  pig.  13. 

haviour of t h e  imaginary par t s  f o r  d i f f e r e n t  bobbin 
cur ren ts .  vor  l i t t l e  o r  no bobbin cur ren t  the susceptance 
increases  with magnetization. T h i s  should be expected due 
t o  t h e  decreasing permeabili ty of t he  core.  Yowever, f o r  higher  
bobbin cur ren ts  the susceptance decreases.  A possible  ex- 
Dlanation i s  t h a t  t h e  f e r r i t e  i s  i n i t i a l l y  sa tura ted  but 
t h e  to ro ida l  winding unsaturates  %'ne core,  r e s u l t i n g  i n  
reduced susceptance. This e f f e c t  w a s  not  observed f o r  Yll, 
perhaps because the magnetization w a s  not as  great .  

The s t r i k i n g  f ea tu re  f o r  these  curves i s  t h e  be- 

n 
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Gyromagnetis Resonance 

Strong coupling has been observed between the 
bobbin and toroidal windings when the device is operated 
near the gyromagnetic resonsnce frequency. This frequency 
is proportional to H and f o r  14-04 materials it: extends 
into the megacycle region with hirgh magnetizations. The 
minimum frequency for V-04 ferrite appears to be in the 
order of 100 kdz. Crystalline anisotropy is believed to 
be the mechanism taking over as H approaches 0. The Y- 
parameters were taken at 1 kHz which is well removed f rom 
the gyromagnetic resonance frequency. Precautions against 
hysteresis effects were by de-mgnetizing the core with 
a decaying 60 Hz field following each set of measurements. 

Although efforts were made to eliminate effects 
of gyromagnetic resonance it is quite possible that useful 
applications could be made with cross-field devices operating 
in the region. A current tunable band-pass filter is one 
possibility. 



APPENDIX A 

Bibliography on Cross F i e l d  Devices 

F. J. Beck and J. M. Kelly, Wagnetization i n  P e r -  
pendicularly Superposed Direct and Alternat inq Fields; '  
Journal  Of &plied Physics, Vol 19, pp. 551-562, June 
1948 

E .  H .  F re i ,  S. Shtritcman, and D. Treves, "A Transducer 
Using Crossed Magnetic Fieldsf1 Bu l l e t in  of 3.1- the Research 
Council of I s r a e l  (Jerusalem, I s r ae I ) , l p .  443 ,  March, 
1854,and ''A Clip-On Milliamperemeter f o r  D-C Currents"', 
ib id . ,  p. 444 

C .  7'. Burgess and B. Frankenfield llRegulation of 
Electr ic  Circuits:  U.  S .  Patent #?20,884,  Fi led  June 12 ,  
1901 

R. A. Heartz and H. Buelteman. Jr.. '!The Application of 
Perpendicularly Superposed Magnetic FieldsiAIEE Transactions,  
Vol. 7 4 ,  Part I, pp. 655-659, Nov. 1955 
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